Aims/hypothesis Obesity and type 2 diabetes are concomitant with low-grade inflammation affecting insulin sensitivity and insulin secretion. Recently, the thioredoxin interacting protein (TXNIP) has been implicated in the activation process of the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome. In this study, we aim to determine whether the expression of TXNIP is altered in the circulating immune cells of individuals with type 2 vs type 1 diabetes and whether this can be related to specific causes and consequences of inflammation. Methods The expression of TXNIP, inflammatory markers, markers of the unfolded protein response (UPR) to endoplasmic reticulum (ER) stress and enzymes involved in sphingolipid metabolism was quantified by quantitative reverse transcription real-time PCR (qRT-PCR) in peripheral blood mononuclear cells (PBMCs) of 13 non-diabetic individuals, 23 individuals with type 1 diabetes and 81 with type 2 diabetes. A lipidomic analysis on the plasma of 13 nondiabetic individuals, 35 individuals with type 1 diabetes and 94 with type 2 diabetes was performed. The effects of ER stress or of specific lipids on TXNIP and inflammatory marker expression were analysed in human monocyte-derived macrophages (HMDMs) and THP-1 cells. Results The expression of TXNIP and inflammatory and UPR markers was increased in the PBMCs of individuals with type 2 diabetes when compared with non-diabetic individuals or individuals with type 1 diabetes. TXNIP expression was significantly correlated with plasma fasting glucose, plasma triacylglycerol concentrations and specific UPR markers. Induction of ER stress in THP-1 cells or cultured HMDMs led to increased expression of UPR markers, TXNIP, NLRP3 and IL-1β. Conversely, a chemical chaperone reduced the expression of UPR markers and TXNIP in PBMCs of individuals with type 2 diabetes. The lipidomic plasma analysis reve aled an incre ase d co nc entra tion o f sa turate d dihydroceramide and sphingomyelin in individuals with type 2 diabetes when compared with non-diabetic individuals and individuals with type 1 diabetes. In addition, the expression of s p e c i f i c e n z y m e s o f s p h i n g o l i p i d m e t a b o l i s m , dihydroceramide desaturase 1 and sphingomyelin synthase 1, was increased in the PBMCs of individuals with type 2 diabetes. Palmitate or C2 ceramide induced ER stress in macrophages as well as increased expression of TXNIP, NLRP3 and IL-1β. Conclusions/interpretation In individuals with type 2 diabetes, circulating immune cells display an inflammatory phenotype that can be linked to ER stress and TXNIP expression.
Introduction
Obesity is concomitant with alterations in lipid environment and with chronic low-grade inflammation, which contributes to insulin resistance and paves the way to type 2 diabetes [1] . The inflammation originates from adipose tissue upon macrophage infiltration. Macrophages secrete inflammatory cytokines such as chemokine ligand 2 (CCL2), TNFα and IL-1β. These cytokines participate locally in insulin resistance of adipose tissue but can also have a systemic role in modulating insulin sensitivity of liver and muscles. Circulating monocytes also present an enhanced inflammatory phenotype [2] . Inflammation is involved in the decrease of insulin secretion [3] . Indeed, an increased number of macrophages and inflammation markers such as IL-1β are detected in the pancreatic islets of individuals with type 2 diabetes [4] .
The NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome has a key role in the regulation of immunity and inflammation [5] . The inflammasome is formed from NLRP3, apoptosis-associated speck-like protein (ASC) and procaspase 1. When stimulated, it promotes the activation, by a caspase-1-dependent mechanism, of procytokines such as pro-IL-1β or pro-IL-18 into biologically active cytokines. The NLRP3 inflammasome is activated in a sequential process requiring a priming event that mainly increases the expression of NLRP3 and an activation process leading to inflammasome assembly. Several signals have been described for NLRP3 inflammasome activation including microbial products or endogenous molecules (e.g. ATP).
Recently, thioredoxin interacting protein (TXNIP) has been implicated in the activation of the NLRP3 inflammasome in the presence of endoplasmic reticulum (ER) stress [6, 7] or reactive oxygen species [8] . TXNIP was originally described as an inhibitor of thioredoxin [9] and thus is a cellular redox regulator. TXNIP was also found to be the gene most potently induced by glucose in pancreatic beta cells by a mechanism involving the transcription factor carbohydrate response element binding protein (ChREBP) [10] . TXNIP is described as a pro-apoptotic factor favouring, when overexpressed, the death of pancreatic beta cells.
In the present study, we aim to determine whether circulating immune cells of individuals with type 2 diabetes (compared with non-diabetic individuals or individuals with type 1 diabetes) have an altered expression of TXNIP that can be related to inflammation and to alterations in the lipid environment.
Methods
Clinical cohorts Blood samples were obtained, over a 15 month period, from 281 individuals with type 1 diabetes (n = 69) or type 2 diabetes (n = 212) hospitalised in the diabetes departments of the Lariboisière and the Pitié-Salpêtrière Hospitals (Paris, France). Non-diabetic individuals (n = 13; fasting glycaemia <6.9 mmol/l), as a control group, were recruited in the vascular surgery departments of the Pitié-Salpêtrière Hospital; these individuals were suffering from vascular diseases unrelated to atheromatous diseases (e.g. Ehlers Danlos disease), were not being treated with glucoselowering drugs and did not have a history of diabetes, metabolic syndrome or metabolic diseases. Individuals with infectious or immune pathology, with anti-inflammatory or immune suppressive therapy were excluded.
Ethics During hospitalisation, written consent was obtained from each individual and anthropometric and biological characteristics were recorded. Ethical approval for the use of human plasma was given by the Ethics Committee of the Pitié-Salpêtrière hospital (CPP Ile de France VI -Paris, France).
Isolation of human peripheral blood mononuclear cells
Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation (GE Healthcare Bio-Sciences, Uppsala, Sweden). PBMCs were collected and washed in PBS without CaCl 2 and MgCl 2 (1×) with 2% heat-inactivated FBS (Gibco Thermo Fisher Scientific, Waltham, MA, USA) and 2 mmol/l EDTANa 2 at 650 g for 10 min at 4°C. Then PBMCs were washed twice with red blood cells lysis buffer (Sigma-Aldrich, St Louis, MO, USA). Finally, the cells were resuspended in PBS with 2% FBS, 2 mmol/l EDTANa 2 and counted; 1 × 10 6 cells were used for RNA studies.
Animals Wistar rats were purchased from Charles River Laboratories (St Germain Nuelle, France). They were housed under a 12 h light-dark cycle in a temperature-controlled environment and had free access to water and regular diet (65% carbohydrate, 11% fat, 24% protein). All animal care and experimental procedures were conducted in accordance with the French Law of 6 April 2010, and they were approved by the local ethics committee (Charles Darwin, Ce5/2012/052). Primary rat hepatocytes were isolated as described previously [11] .
Cell culture and treatment Cell cultures were tested for the absence of mycoplasma using the Universal mycoplasma detection kit (ATCC, Manassas, VA, USA). The THP-1 monocytic cell line (ATCC) was seeded at 0.5 × 10 6 cells/ml in RPMI 1640 supplemented with 10% heat-inactivated FBS and 1% penicillin streptomycin (Gibco Thermo Fisher Scientific). The cells were differentiated at 1 × 10 6 cells/ml in the presence of 1 μg/ml of phorbol 12-myristate 13-acetate (Merck Millipore, Darmstadt, Germany) for 72 h. Then they were pre-treated overnight in medium with or without 1 mmol/l tauroursodeoxycholic acid (TUDCA) (Merck Millipore) or 10 μmol/l myriocin (Enzo life, New York, NY, USA) and incubated as follows: (1) with ER stress inducers 300 nmol/l thapsigargin (Merck Millipore) or 1 ng/ml tunicamycin (Merck Millipore) for 24 h; (2) with 0.25 mmol/l palmitate conjugated with fatty acid-free BSA (Sigma-Aldrich) for 24 h as described in [12] ; or (3) with 50 μmol/l C2-ceramide (Merck Millipore) for 6 h.
PBMCs were cultured in suspension at 2 × 10 6 cells/ml for 24 h in a complete medium containing RPMI medium 1640, 1% penicillin streptomycin, 1% Minimum Essential Medium (MEM) Non-Essential Amino Acids (NEAA) (100×, Gibco Thermo Fisher Scientific) and 10% human serum AB male HIV tested (Dutscher, Brumath, France) with or without 50 μmol/l 4-phenylbutyric acid (PBA) (Merck Millipore) for 24 h.
Human monocyte-derived macrophages (HMDMs) were obtained from healthy volunteer donors (Don du Sang, Hôpital de la Pitié-Salpêtrière). PBMCs were isolated as described above and differentiated at 1 × 10 6 cells/ml in complete PBMC medium supplemented with 100 ng/ml human M-CSF (Miltenyi Biotec, Bergisch Gladbach, Germany) for approximately 10 days. The cells were then treated with the ER stress inducers as described for THP-1 cells.
The samples were then processed for RNA extraction and protein analysis.
PBMCs, primary rat hepatocytes and immortalised mouse myoblast cell line C2C12 were treated with low glucose (5 mmol/l) or high glucose (25 mmol/l) for 24 h. The cells were then processed for RNA extraction and measurement of mRNA expression by quantitative reverse transcription realtime PCR (qRT-PCR).
SiRNA experiments Differentiated THP-1 cells were transfected with 25 nmol/l TXNIP siRNA (s20880; Ambion, Waltham, MA, USA) or scramble siRNA using lipofectamine RNAiMAX transfection reagent (Gibco Thermo Fisher Scientific). The cells were then treated with the ER stress inducers as described above. The sequences used are given in electronic supplementary material (ESM) Table 1 .
Gene expression analysis PBMCs, HMDMs and THP-1 cells were processed for total RNA extraction using the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands). Complementary DNAs were prepared using 250 ng of RNA with SuperScript II Reverse Transcriptase (Thermo Fisher Scientific). Mix Mesa Green qPCR MasterMix Plus (Eurogentec, Brussels, Belgium) was used for qRT-PCR using CFX384 (384-well plates) and an iQ5 system (Bio-Rad, Hercules, CA, USA). Ribosomal RNA 18S and β-actin were used for normalisation and for relative quantification of gene expression using the 2 −ΔΔC t method. The following genes were analysed: ATF4, CCL2, CERS2, CERS4, CHOP (also known as DDIT3), DES1 (DEGS1), ERP72 (PDIA4), HEDJ (DNAJB11), IL-1β (IL1B), NLRP3, P58IPK, SMS1 (SGMS1), TXNIP and XBP1. All samples were run in duplicate and the result was discarded when a difference higher than 0.2 C t was observed between the duplicates. When the samples were not analysed in a single run, an internal control was used to account for qRT-PCR inter-variability. Results are from three independent experiments quantified in triplicate. For analysis of XBP1 mRNA splicing, 10 ng cDNA was amplified with specific primers for human XBP1. The conditions used for the qRT-PCR were described previously [11] . PCR products were separated by electrophoresis on 2% low-melting agarose gels, visualised by ethidium bromide staining and quantified by densitometric analysis of spliced XBP1 and unspliced XBP1. The results are shown as the ratio of spliced or unspliced XBP1 mRNA to total XBP1 mRNA (spliced XBP1 + unspliced XBP1). The primers used are given in ESM Table 1 .
Western blotting and protein analysis HMDM and THP-1 cells were washed twice in cold PBS, scraped in RIPA lysis buffer (Sigma-Aldrich) and complete protease inhibitor cocktail (Roche diagnostics, Mannheim, Germany) and centrifuged (10,000 g, 10 min, 4°C). Twenty micrograms of protein samples were subjected to SDS-PAGE. After electrophoresis, proteins were transferred to a nitrocellulose membrane. The primary antibodies used were anti-TXNIP (K0205-3; MLB International, Woburn, MA, USA) at a 1/1000 dilution, anti-NLRP3 (NBP2-12446; Novus Biologicals, Littleton, CO, USA) at a 1/750 dilution and anti-β-actin (A5316; Sigma-Aldrich) at a 1/4000 dilution. The secondary antibodies were conjugated to horseradish peroxidase. The detection was performed with West Pico chemiluminescent substrate and the membranes were imaged with a MyECL Imager (Thermo Fisher Scientific). Characterisation was based on the protein molecular mass.
IL-1β ELISA IL-1β protein was quantified in the culture media of THP-1 cells by using a cytokine-specific ELISA kit (R&D Systems, Minneapolis, MN, USA).
Plasma lipid analysis Three-hundred microlitres of plasma were used to quantify dihydroceramides, ceramides, sphingomyelins and sphingosine content. The lipid subspecies were extracted and analysed, as described in [13] , at the Lipidomic Core Facility of the University of Bourgogne (Dijon, France). Plasma NEFA concentrations were determined using a colorimetric method (Randox Laboratories, Antrim, UK).
Blinding and statistical analysis Experimenters were blind to group assignment. All statistical analyses are presented as means ± SEM or SD as indicated. No statistical method was used to predetermine sample size. Gaussian distribution was tested using the Kolmogorov-Smirnov test. Unpaired or paired Student's t test and one-way (Dunn's post-test) or two-way (Bonferroni's post hoc test) ANOVA were used for comparison. p < 0.05 was considered significant.
Results

Clinical characteristics
The clinical and biochemical characteristics of the individuals are presented in Table 1 . Plasma glucose and HbA 1c were higher in individuals with type 1 diabetes than in those with type 2 diabetes. Triacylglycerol concentrations were higher in individuals with type 2 diabetes, as was the total/HDL-cholesterol ratio.
Increased expression of TXNIP and inflammatory markers in PBMCs from individuals with type 2 diabetes
Compared with TXNIP mRNA levels in PBMCs from nondiabetic individuals, levels were similar in individuals with type 1 diabetes and significantly higher in individuals with type 2 diabetes (Fig. 1a) .
Since insulin has been described as decreasing TXNIP expression [14, 15] , we separately analysed PBMCs from individuals with type 2 diabetes with (n = 20) or without (n = 61) insulin treatment. TXNIP expression was similar in individuals with type 2 diabetes irrespective of insulin treatment (results not shown).
In the type 2 diabetes group, TXNIP mRNA expression was significantly (p < 0.05) correlated with blood glucose and plasma triacylglycerols ( Table 2 ). The fact that the individuals with type 1 diabetes had higher HbA 1c values than individuals with type 2 diabetes suggests that blood glucose is not the primary cause of the increased TXNIP expression in Table 1 Fig. 1 ) whereas there was a clear effect of glucose on Txnip expression in primary cultured rat hepatocytes or C2C12 mouse muscle cells, as shown previously [16, 17] . Expression of NLRP3 (Fig. 1b) and IL-1β ( Fig. 1c ) was significantly increased in the PBMCs of individuals with type 2 diabetes compared with the control group. CCL2 expression levels were higher in PBMCs from individuals with type 2 diabetes compared with type 1 diabetes (Fig. 1d) . The differences we observed between the groups for these variables (TXNIP, NLRP3, IL1-β, CCL2) were similar whatever the sex of the individual (results not shown).
Increased expression of unfolded protein response markers in PBMCs from individuals with type 2 diabetes
In pancreatic beta cells, TXNIP is a link between ER stress and inflammation [6, 7] . We thus examined the expression of unfolded protein response (UPR) markers related to the protein kinase R-like endoplasmic reticulum kinase (PERK), ER stress activated transcription factor 6 (ATF6) or inositol requiring enzyme (IRE1)/ X-box binding protein 1 (XBP1) UPR branch. The mRNA expression of UPR markers downstream of PERK (ATF4 and CHOP [transcription factors]) and IRE1/XBP1 (HEDJ [luminal chaperone]) and the mRNA expression of P58IPK (a protein involved in a feedback inhibition of the UPR [18] ) were found to be selectively elevated in PBMCs from individuals with type 2 diabetes (Fig. 2a-d ). In addition, XBP1 mRNA splicing, a marker of IRE1 activation, was greater in PBMCs from individuals with type 2 diabetes than in PBMCs from individuals with type 1 diabetes (Fig.  2e) . In contrast, the mRNA expression of two target genes of ATF6, ERP72 (encoding protein disulfide isomerase family A member 4 [19] ) and XBP1 [20] , was similar among the three groups of individuals (Fig. 2f,g ). TXNIP mRNA expression in PBMCs of individuals with type 2 diabetes was significantly positively correlated with expression of P58IPK and ATF4 mRNA ( Table 2) .
Induction of ER stress in macrophages promotes TXNIP expression To address the question of whether there is a causal relationship between ER stress and TXNIP expression in PBMCs, we performed in vitro experiments in a human macrophage cell line, THP-1. Macrophages were cultured in the presence of two ER stress inducers, thapsigargin and tunicamycin. Measurement of ATF4, P58IPK, HEDJ and ERP72 mRNA expression confirmed the induction of ER stress by the two compounds ( Fig. 3a-d) . This was concomitant with a large increase in TXNIP expression (Fig. 3e) .
Culture of macrophages in the presence of TUDCA, a chemical chaperone that reduces ER stress (Fig. 3a,b) , opposed the effect of ER stress inducers on expression of TXNIP mRNA (Fig. 3e ) and TXNIP protein (Fig. 3g) . Finally, in THP1 macrophages, IL-1β secretion was increased by thapsigargin alone but inhibited by the presence of thapsigargin and TUDCA (Fig. 3f) . Similar results were obtained in cultured HMDMs. Thapsigargin and tunicamycin induced UPR markers and TXNIP mRNA expression (Fig. 3h-l) , an effect counteracted by TUDCA. Interestingly, this was paralleled by changes in TXNIP and NLRP3 protein content (Fig. 3m) .
We then tested whether decreasing the ER stress in PBMCs of a subset of individuals with type 2 diabetes (Table 3) was concomitant with an effect on TXNIP expression. PBMCs were cultured for 24 h in the absence or presence of a chemical chaperone, PBA. We used PBA instead of TUDCA since TUDCA was toxic in these conditions. PBA induced a decrease in the expression of UPR markers and a consistent decrease in TXNIP mRNA expression (Fig. 4a-e) .
Finally, to demonstrate a causal relationship between TXNIP and inflammation, we used a TXNIP siRNA in THP-1 cells. Decreasing the expression of TXNIP (Fig. 4f) led to a decreased secretion of IL-1β even in the presence of ER stress inducers (Fig. 4h) whereas CHOP (Fig. 4g) , an ER stress Lipids, ER stress and TXNIP expression Next, we investigated the potential origin of ER stress in immune cells of individuals with type 2 diabetes. We reasoned that one main difference between type 1 and type 2 diabetes is the lipid environment and the degree of dyslipidaemia. Dyslipidaemia is more marked in type 2 diabetes due to the high prevalence of obesity and insulin resistance in this pathology as exemplified by the higher plasma triacylglycerol concentrations in individuals with type 2 diabetes or the higher total cholesterol/HDL-cholesterol ratio (Table 1) . Another interesting lipid species is ceramide. The sphingolipid ceramides are closely related to inflammation [21] and are known to induce insulin resistance in muscles [22] . Ceramide can also induce ER stress [23] .
Lipid species in monocytes/macrophages can originate endogenously through specific synthesis or exogenously from structures containing lipids, such as LDL [24] . Concerning the endogenous metabolism of sphingolipids, we found in PBMCs from individuals with type 2 diabetes an increased expression of dihydroceramide desaturase 1 (Fig. 5a) , the enzyme that converts dihydroceramide into ceramide, and an increase in sphingomyelin synthase 1 (Fig. 5c) , the enzyme that converts ceramide into sphingomyelin. Serine palmitoyl transferase 1 and ceramide synthase 2 and 4 expression was not increased (Fig. 5b,d and results not shown) .
We then investigated, using a lipidomic approach, the plasma sphingolipid subspecies profiles of the various groups of individuals. For this study, the non-diabetic individuals forming the control group were the same as those described previously (Table 1 ) but owing to limited plasma availability, new groups of individuals with type 1 or type 2 diabetes were used (see Table 4 ). The new diabetic individuals had essentially similar profiles to those of the individuals described previously in Table 1 .
Total circulating dihydroceramide concentrations were increased in the plasma of individuals with type 2 diabetes when compared with individuals with type 1 diabetes and the increase approached significance (p < 0.06) when compared with the control group (Fig. 6a) . Total sphingomyelin concentrations were increased in the plasma of individuals with type 2 diabetes when compared with the two other groups (Fig.  6b) , whereas total ceramide and sphingosine plasma concentrations were unchanged (Fig. 6c,d ). Looking at subspecies of dihydroceramides, saturated forms were increased, whereas unsaturated forms were decreased (ESM Fig. 2) . The details of the most abundant ceramide and sphingomyelin subspecies are given respectively in ESM Figs 3 and 4 .
Thus, sphingolipid metabolism in immune cells of individuals with type 2 diabetes can be affected both endogenously and exogenously.
We then used the human macrophage cell line (THP-1) to test whether ceramides or their precursor, palmitate, could induce the sequence of ER stress, TXNIP expression and inflammation. In the presence of palmitate in the culture medium, we indeed observed an increased mRNA expression of UPR markers, ATF4, HEDJ and CHOP (Fig. 7a-c) . Levels of TXNIP mRNA and TXNIP protein were also increased (Fig.  7d,e) , as were mRNA levels of inflammation markers NLRP3 and IL-1β (Fig. 7f-h ). These effects were fully reduced in the presence of myriocin (an inhibitor of ceramide synthesis from palmitate) and TUDCA (an inhibitor of ER stress) (Fig. 7a-h ). Similar results were obtained for TXNIP protein in the absence or presence of myriocin. We then repeated the experiment in the presence of C2-ceramide in the culture medium and observed, as with palmitate, an induction of UPR markers (Fig.  8a-c) , TXNIP (Fig. 8d,e ) and inflammatory markers (Fig. 8 fh) . TUDCA opposed the effects of ceramide on TXNIP mRNA, TXNIP protein and inflammatory markers (Fig. 8a-h ).
Discussion
This study shows a concomitant increase in the expression of ER stress markers, TXNIP and inflammatory markers including NLRP3 in circulating immune cells of individuals with type 2 diabetes. This is specific to type 2 diabetes, since individuals with type 1 diabetes do not present such effects. The endogenous and exogenous lipid environment of immune cells in individuals with type 2 diabetes is also modified, especially concerning triacylglycerols, sphingolipid species and enzymes of sphingolipid metabolism. In vitro studies in macrophages suggest that the sequence that leads to this specific phenotype starts with a lipid-induced ER stress leading to TXNIP expression, which in turn activates inflammatory pathways. Total/HDL-cholesterol ratio 3.8 ± 0.8
The results are presented as mean ± SD unless stated otherwise
The strengths of this study include the comparison of a large cohort of individuals with type 2 diabetes with nondiabetic individuals and individuals with type 1 diabetes, allowing the exclusion of a specific role for glycaemia in the observed phenotypes, and the simultaneous measure of exogenous lipid environment and endogenous alterations in enzymes involved in sphingolipid metabolism. In addition, we were able to establish in vitro a causal link in macrophages between alterations in the lipid environment, ER stress, TXNIP and inflammation. One weakness is that, for reasons of material availability, we did not measure sphingolipid species in the PBMCs of the various groups.
The triad of abnormal lipid metabolism, ER stress and inflammation is found in metabolic diseases [25] . In pancreatic beta cells fatty acids induce ER stress, which leads to inflammation, secretory dysfunction and apoptosis [6, 7, [26] [27] [28] . In the liver, ER stress is present in the case of obesity and dysregulation of hepatic lipid metabolism (steatosis) [11, 29, 30] and is concomitant with the induction of inflammatory pathways [31] . In inflammatory macrophages, lipotoxic signals (such as an excess of cholesterol metabolism) induce ER stress that can lead to lipotoxic death, thus contributing to the formation of atherosclerotic plaques [32, 33] . Interestingly, saturated fatty acids induce, in mouse bone marrow-derived macrophages (BMDMs), the expression of genes related to ER stress and UPR and an inflammation that is dependent upon IRE1α activation [34] . We show here that the markers of ER stress and TXNIP are increased in PBMCs of individuals with type 2 diabetes, an effect that cannot be solely related to hyperglycaemia since it is not detected in PBMCs of individuals with type 1 diabetes despite a higher blood glucose and HbA 1c . Moreover, TXNIP is not induced by a high glucose concentration in PBMCs of individuals with type 1 or type 2 diabetes. A concomitant increase in TXNIP and ER stress markers has already been described in PBMCs of individuals with type 2 diabetes [35] . We have several arguments to support the notion that this ER stress is causal in increasing the expression of TXNIP in human PBMCs, as already shown in pancreatic beta cells [6, 7] , and in BMDMs of mice infected with Brucella abortus strain RB51 [36] . Decreasing the ER stress in PBMCs of individuals with type 2 diabetes by using a chemical chaperone reduces the expression of TXNIP. In a human macrophage cell line or in human BMDMs, ER stress inducers also induce TXNIP expression, an effect minimised in the presence of chemical chaperones. In the studies showing that ER stress induces TXNIP expression [6, 7, 36] , increased TXNIP mRNA results from transcriptional and/or post-transcriptional control. The PERK and/ or the IRE1α branches of the UPR are involved in these effects whereas the ATF6 branch does not play a role. PERK activation leads to increased ChREBP expression, in turn inducing TXNIP transcription [7] . On the other hand, IRE1α activation decreases the expression of miR-17, which induces TXNIP mRNA degradation [6] . In PBMCs of individuals with type 2 diabetes, the expression of the targets of the PERK branch and of the IRE1α branch are increased but not the targets of the ATF6 branch, suggesting that the mechanisms described in pancreatic beta cells also hold true for immune cells.
In parallel with the increased expression of TXNIP, we find an increased expression of inflammatory markers, IL-1β and CCL2 in PBMCs of individuals with type 2 diabetes and a chemical chaperone that reduces ER stress and TXNIP expression is concomitant with reduced secretion of IL-1β. Finally, decreasing the expression of TXNIP leads to reduced IL-1β secretion in macrophages.
The mechanism linking TXNIP and inflammasome activation implies a direct interaction between TXNIP and NLRP3 [8] and/or generation of reactive oxygen species by TXNIP linked to its inhibition of thioredoxin [6] . We find here that ER stress induces an increase in the protein content of NLRP3 in HMDMs. In PBMCs of individuals with type 2 diabetes there is also a significant increase in NLRP3 expression (Fig. 1b) . Thus, ER stress could be involved, through TXNIP, in both inflammasome priming and activation. This dual effect of TXNIP has already been described in hepatocytes of rats fed a high-fructose diet [37] .
Various lipid species including sphingolipids can induce ER stress. We show here that sphingolipid metabolism is probably altered in PBMCs of individuals with type 2 diabetes, since the expression of dihydroceramide desaturase and sphingomyelin synthase 1 (the most important sphingomyelin synthase isoform in macrophages [38] ) is increased. The transcription of the latter enzyme is enhanced by saturated fatty acids such as palmitate [39] . An increase in the expression of enzymes involved in ceramide synthesis could be the consequence of activation of the Toll-like receptor (TLR) 4 by plasma saturated fatty acids [40] since in macrophages TLR4 activation induces de novo sphingolipid synthesis through activation of the expression of enzymes of the pathway [41] .
Several studies have found a correlation between plasma ceramide concentrations, insulin resistance and inflammation [42] . One potential explanation is that ceramides act through TLR signalling [42] . Boon et al. [24] have shown that ceramide-enriched LDL can induce, in macrophages, a proinflammatory profile and that this is concomitant with an increased intracellular ceramide concentration.
Increased plasma concentrations of ceramide carried by lipoproteins have been found in small cohorts of obese individuals with type 2 diabetes [24] , although not in all studies [43] . Here, in a larger cohort of overweight/obese individuals with type 2 diabetes, we found no differences in ceramides when this group was compared with nondiabetic individuals or individuals with type 1 diabetes but we did find increased saturated dihydroceramides species and decreased unsaturated species. Interestingly, similar plasma dihydroceramide species are associated with Scatter plots show the concentration of sphingolipid subspecies from non-diabetic individuals (control, n = 13), individuals with type 1 diabetes (T1D, n = 35) and individuals with type 2 diabetes (T2D, n = 94). Horizontal bars indicate the mean value ± SEM. *p < 0.05 and ***p < 0.001 for indicated comparisons waist circumference and with raised serum triacylglycerols and type 2 diabetes in Mexican American families [44, 45] .
Thus, in addition to alterations in the expression of enzymes involved in endogenous sphingolipid metabolism, circulating immune cells of individuals with type 2 diabetes are exposed to a different plasma lipid environment. The two events could be related since exposure to specific lipids can [24, 39] . In turn, endogenous lipids could be responsible for ER stress, enhanced TXNIP expression and inflammasome priming and activation as shown in in vitro experiments using macrophages.
In conclusion, we propose that quantitative and qualitative alterations in endogenous lipid metabolism and plasma lipid environment in individuals with type 2 diabetes orientate monocytes towards a proinflammatory state through an ER stress-TXNIP-inflammasome pathway.
